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Self-assembled viologens on HOPG: solid-state
NMR and AFM unravel the location of the anionsf
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The controlled growth of self-assembled networks on surfaces based on viologen salts is a major
scientific challenge due to their unique electronic properties. The combination of solid-state NMR spec-
troscopy and atomic force microscopy at ambient conditions can unravel the fine organization of the
supramolecular network on a graphitic surface by positioning the counter-ions relative to the viologen

rsc.li/nanoscale cation.

Adsorption of supramolecular networks is a useful technique
to tune the electronic properties of the underlying surfaces.'
Organic molecules with the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) at a suitable position with respect to the Fermi level of
underlying surfaces can be used to dope surfaces.* Among all
n-conjugated molecules, redox-active viologens, with their low-
lying LUMOSs, have emerged as promising candidates to
address this major challenge.>® Viologens are aromatic species
built from a 4,4"-bipyridinyl core in which the two nitrogen
atoms are quaternized to generate an organic dication.

Atomic force microscopy (AFM) is a commonly used
method to investigate the self-organization of molecules on
surfaces under ambient conditions at the sub-molecular
level.”® However, for organic salts like viologens, the position
of the organic cations is well determined whereas the position
of corresponding anions has been investigated less, mainly
because these anions are often smaller than the organic
cations.”'® The position of the anions has been studied using
scanning tunneling microscopy.>'"* However, apart from the
case of chloride anions on a Cu(100) surface,"" the position of
the anions has not been clearly identified.

The role of electrostatic interactions between anions and
cations is essential to understanding on-surface organization.
These electrostatic interactions strongly depend on the relative
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positions of these charged species and require the determi-
nation of the positions of both cations and anions. In rare
seminal works, the combination of solid-state NMR (ssNMR)
with optical microscopy was successfully reported for liquid
crystalline viologen derivatives.'” In addition, ssNMR and AFM
have been employed separately as analytical methods to
characterize self-assembling materials with low solubility.?
However, the complementarity of ssNMR and AFM was neither
established nor reported. This work describes an original strat-
egy to unravel the position of anions and cations in organic
salts deposited on a highly-oriented pyrolytic graphite (HOPG)
surface. This simple strategy shows that ssSNMR can quickly
indicate the tendency of building blocks to organize efficiently
prior to AFM studies. As shown hereafter, sSNMR can be com-
bined with AFM to understand fully the self-organization of
viologen salts on HOPG.

To achieve the formation of large-scale networks of organic
salts on an HOPG surface, we designed salts intended to favor
intermolecular interaction and molecule-surface interaction.
The targeted salts ArV-C8, ArV-C12 and MV-C18 (Fig. 1) consist
of a dicationic viologen core bearing peripheral length-adjusta-
ble alkoxy chains (Fig. 1). Two hexafluorophosphate anions act
as counter-ions for these organic dications. Alkoxy chains are
well known to promote molecule-surface interactions on an
HOPG surface and molecule-molecule interactions due to
interdigitation of adjacent chains.®*®'”

Compounds ArV-C8 and ArV-C12 are N-arylviologens that
differ by the length of their alkoxy chains. MV-C18 is an
N-methylviologen functionalized at the 3,3'-positions with C18
alkoxy chains that were chosen to compensate for the dihedral
angle of the 3,3"-substituted pyridinium rings. These structural
variations modulate the degree of molecule-surface inter-
actions on HOPG. The length of their aromatic cores varies
from 1.00 to 2.41 nm and their estimated total length, when
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Fig. 1 Structures and CPK models of the three viologens studied in this
work.

considering linear gauche alkyl chain conformations, varies
from 4.45 to 5.25 nm (Fig. 1).

Arv-C8 and ArV-C12 were prepared using strategies based on
Zincke reactions, whereas MV-C18 was synthesized by quaterni-
zation of its bipyridine precursor'® (see ESI{ for experimental
details). All new compounds were fully characterized and 'H
and C resonances in solution were assigned (see ESIf) with
the help of 2D correlations. Both ArvV-C8 and ArV-C12 showed a
tendency to precipitate in chloroform at NMR concentrations
(107 M). This observation prompted us to characterize these
compounds by ssNMR, taking advantage of the latter to gain
information on the nature of the aggregates.

In the past years, ssSNMR has demonstrated its ability to
provide structural information at the atomic level owing to the
various interactions taking place within the spin systems
under study, notably the so-called dipolar interaction. The
latter occurs through space with a 1/r* dependency where r is
the inter-nuclear distance. This property can be exploited to
measure inter-nuclear distances by rotational-echo double-
resonance (REDOR)-type experiments'® or to determine which
nuclei are in close contact (intra- or intermolecularly) using
the cross polarization/magic angle spinning experiment (CP/
MAS).”° In our case, if the *'P of PF¢~ anions can be polarized
by protons, the mere observation of a 'H->'P CP/MAS spec-
trum would constitute irrefutable proof that these hexafluoro-
phosphate anions are part of the supramolecular structure.
The only protons available for transfer of polarization to the
3p of the PFs~ anions are located on either the alkyl side
chains or the viologen moieties. To elucidate further the struc-
ture of each compound, two-dimensional ssNMR was used.
First, the "H resonances of the viologens were assigned using
"H-"’C through-space correlations (dipolar interaction also).**
Then the same type of experiments were performed with *'P
instead ("H->'P through-space correlations) to locate precisely
the anions within the supramolecular assembly.
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Fig. 2 Direct polarization (black) and cross polarization (red)/magic
angle spinning (DP/MAS and CP/MAS) {*H} 3P spectra of ArV-C12 (top
traces), ArV-C8 (middle) and MV-C18 (bottom). Each individual spin-
system appears with the multiplicity given by the *°F—3!P scalar coupling
(seven lines centered at §;s0). Only one PFg™ site detected for ArV-C12,
two for ArV-C8 (27% and 73%) and at least 12 slightly different sites for
MV-C18. The latter variability is ascribed to small differences in the di-
hedral angle of the two pyridinium subunits. Comparisons of CP/MAS to
DP/MAS directly demonstrate spatial proximity between viologen
protons and PFg™ anions.

Before exploring the possible connections between protons
and phosphorus atoms, a series of classical and quantitative
experiments known as direct polarization/magic angle spinning
(DP/MAS) were carried out to characterize the environment of the
anions. The relatively high chemical shift anisotropy (CSA) of *'P
means that it is highly sensitive to very small variations in chemi-
cal environment. In these direct polarization experiments,
ArV-C12 displays only one multiplet at d;5, = —145.4 ppm, whereas
ArV-C8 exhibits two well-resolved multiplets at 0;s, = —146.9 ppm
and d;,, = —147.9 ppm. Scalar couplings with '°F account for the
multiplicity of these signals (J'’F->'P = 713 Hz). For MV-C18, a
superposition of a dozen multiplets of varying intensity centred at
Oiso = —145 ppm and separated by small chemical shift gaps
(<0.5 ppm) is observed. These quick initial results indicate that
ArV-C8 and ArV-C12 are rather well-structured with only one posi-
tion of the PFs  anions for ArV-C12 and two different positions
for the anions of Arv-C8 in proportions of 27% (diso
—146.9 ppm) and 73% (0iso0 = —147.9 ppm). These results also
indicate that MV-C18 exhibits a finite series of small structural
variations that can be assigned, in a first approximation, to vari-
ations in the dihedral angle between the two pyridinium units.

Cross-polarization experiments in which only the proton is
directly polarized and its magnetization is transferred to the
heteronucleus by through-space dipolar interaction yielded
resonance patterns almost identical to those obtained by
direct polarization. For ArV-C8, the *'P multiplets are repro-
duced, with variations in intensity depending on the different
isotropic peaks present (Fig. 2).f In addition, the amount of

1The amount of signal obtained during CP depends on several parameters,
including the intensity of dipolar coupling, Tn, relaxation and the contact time
used in the experiment. Thus, CP spectra are usually not quantitative.

This journal is © The Royal Society of Chemistry 2024
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signal obtained is as great, if not greater, than with simple
direct polarization. Based on both observations, we can
immediately conclude that the polarization transfer is not
limited to a fraction of the anions and that all of the PFs~
anions are polarized by viologen protons. Consequently, the
PFs~ anions of ArV-C8 are an integral part of the supramolecu-
lar structure.

To go a step further and locate the anions within the mole-
cular framework, the protons near the phosphorus must be
identified. This task requires proton spectra with satisfactory
resolution that is hardly ever possible in the solid state. The
same is not true for "*C. When the systems under study are
not too structurally heterogeneous, 'H-'C CP/MAS spectra
can be acquired readily with a resolution high enough to ident-
ify the various carbons that constitute the backbone of organic
molecules. As the resolution of the phosphorus spectra indi-
cated very good structural homogeneity of the viologen-PFs~
assemblies, it is immediately apparent from the CP/MAS
spectra obtained for each of the three viologens that the use of
"H-X FSLG HETCOR experiments,*! where X can be either *C

*1p, is indeed justified (Fig. 3). In these experiments, where
the protons correlate with heteronuclei through space, the
proton is not directly observed; thus, it can easily undergo
homonuclear decoupling. Indeed, the proton resolution,
which is rather poor in a direct spectrum, becomes sufficient
in the indirect dimension. Fig. 4 shows the example of
Arv-C12, where the various correlation peaks are resolved well
enough to be assigned (see ESI Fig. S257). These experiments,
repeated for the other two viologens (see ESI Fig. S26 and
S27%) allowed us first to conclude that the chemical shifts in
the solid state are very close to those observed in solution, and
second and above all, to identify the protons by their chemical
shifts (see ESI Tables S1-S31 for assignments). One notable
difference is that in solution, the protons of ArvV-C8 at posi-
tions 10 and 10’, and also at 13 and 13’, are dynamically equi-
valent but in the bulk, these carbon atoms and protons are
differentiated because interactions between the alkyl chains
perturb the free rotation of the terminal aryl nuclei.

12 25 11 13

C12Hps0
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Fig. 3 {*H} 'H-"3C CP/MAS spectrum of ArV-C12 (non-quantitative,
room temperature). Rather narrow linewidths, ranging from 0.3 to
0.5 ppm allow assignments by means of *H to **C 2D NMR (Fig. 5).
Carbons 10 and 10’ differ due to their variable distance from PFg™ in the
3D scaffold.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 'H-3C FSLG HETCOR spectrum of ArV-C12. Blue arrows indi-
cate polarization pathways from 'H to *C. With short contact time
(50 ps), only CH and CH; signals are detected. Longer contact times
(>500 ps) allow detection and assignment of CHsz and quaternary
carbons.

Finally, by repeating the heteronuclear correlation experi-
ments between proton and phosphorus, using the same
experimental conditions for the proton dimension, the 2D
maps obtained are directly superimposable with the 2D
"H-"C spectra because both experiments share exactly one of
their dimensions, namely the proton dimension. Fig. 5 clearly
shows that for Arv-C12, only the protons labelled 2 and 3 are
closest to *'P. For viologen MV-C18, all phosphorus popu-
lations correlate with protons 1 and 2, but not with 10 (Fig. 6).
Thus, the anions can be precisely positioned for Arv-C12 and
MV-C18 based on ssNMR results. For both compounds,
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Fig. 5 Superposition of *H-*C (blue) and H-*'P (red) correlation
experiments of ArV-C12 at short contact times (55 ps and 100 ps
respectively). The F, scale is for *C (*!P omitted) while 'H scale is
common. The polarization pathways are shown for nuclei of interest (*H
to C in blue, *H to 3P in red). Strong through-space interaction
detected between phosphorus and protons 2 and 3. With protons 6 and
7, a weaker correlation is detected and the PFs™ anions may be placed as
depicted.
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Fig. 6 Superposition of H-*C (blue) and *H->*'P (red) correlation
experiments of MV-C18 at short contact times (55 ps and 100 ps,
respectively). F scale is for 2C (3P omitted) and 'H scale is common.
Polarization pathways shown for any correlation displayed (blue arrows
for *H to C, red arrows for *H to *'P). Methyl 1 and quaternary C3
exhibit low intensity correlations due to short contact time (thinner
arrows). Carbons 2, 3 and 10 and protons 2 and 10 exhibit small chemi-
cal shift dispersions due to the dozen similar structures present. Close
contacts with phosphorus are only detected with protons 1 and 2 and
eventually with 6, but not with proton 10. If proton 6 was in close
contact with PF¢™ a correlation peak should be detected at this position.
As nothing is observed, we can exclude proton 6. Thus, 3P atoms may
be unambiguously positioned as shown.

stacked arrangements comprised of alternating layers of

cations and anions, are consistent with these observations.
The case of Arv-C8 differs slightly from the others (Fig. 7).

The isotropic *'P peak of the predominant form at —147.9 ppm
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Fig. 7 Superposition of H-3C (blue) and H-3!P (red) correlation
experiments of ArV-C8 at short contact times (55 and 100 ps respect-
ively). F» scale is for 3C (*'P omitted) and 'H scale is common. The
polarization pathways are shown only for nuclei of interest (blue arrows
for *H to **C, red arrows for *H to 3!P). For the sake of clarity only the
major form is depicted (5iso *'P = —147.9 ppm). In this case the 'P is in
close contact with protons 3, 6, 7 and 10 whereas in the minor form (5iso
3'p = _146.9 ppm) proximities are detected with the same protons
except proton 3, which is replaced by proton 2.
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correlates with protons 3, 6, 7 and 10, whereas for the less
abundant form (—146.9 ppm), the detected *'P proximities
concern protons 2, 6, 7 and 10. These data suggest two geome-
tries, one major and one minor, in the stacking of 2D planes
in the bulk (vide infra).

The organized character of each viologen in the bulk docu-
mented by the ssSNMR data can be taken into account when
analyzing the AFM images. Together, these observations show
interesting correlations between the 2D and the 3D organiz-
ations of these charged species. Large-scale AFM images (>170
x 170 nm®) obtained after the deposition of Arv-C8, ArvV-C12
and MV-C18 on the HOPG surface (see Fig. S28 in ESI}) are
shown in Fig. 8 (see ESI{ for detailed procedure). For each
molecule, we chose solutions with concentrations of 1 x 107°
M in CHCI; to avoid aggregate formation before deposition.
This concentration was selected because the three compounds
only form H-aggregates at concentrations exceeding 1 x 107>
M, as determined by UV-Visible spectroscopy (see Fig. S29-S31
in ESI{). In all cases, compact domains with a thickness of 0.9
+ 0.3 nm were observed in the topography images (see Fig. S32
in ESIT). In addition, adhesion images show different signals
for the uncovered areas and the areas covered by compact
domains (see Fig. S33 in ESI}). Therefore, the observed
compact domains correspond to monolayers of self-assembled
organic salts. In addition, adhesion images support that the
compact domains for both ArV-C8 and ArV-C12 are composed
of parallel bright nanolines separated by darker strips (Fig. 8a
and b). The bright lines correspond to the aromatic viologen
cores whereas the darker strips represent areas of the surface
on which the alkyl chains are adsorbed through C-H/r inter-
actions. The periodicity between adjacent bright lines in
Fig. 8a and b is 4.51 and 4.14 nm, respectively (see Fig. S32a
and b in ESIT). For MV-C18, linear bright nanolines, separated
by darker stripes are observed but some folded nanolines are
also clearly visible (Fig. 8c). The periodicity between adjacent
bright nanolines is 4.00 nm (see Fig. S32c in ESI{). The curved
sections of the supramolecular lines, observed in the case of
the deposition of MV-C18, appear to be rotated by 120°
(Fig. 8c), suggesting that they align with the main axes of the
HOPG surface. Thus, the curved features stem from strong
molecule-surface interactions that compel the supramolecular
lines initially aligned with one axis to align with another of the
three mains axes of the HOPG surface. Based on these data,
we assumed that the monolayers observed in AFM images are
constituted of self-assembled organic salts. There is no
anchoring group in the skeleton of these organic salts and
thus no covalent bond to the surface. Therefore, the three
organic salts are adsorbed with the aromatic viologen core par-
allel to the HOPG surface.

The adsorption models depicted in Fig. 9d, 10d and 11b for
the three monolayered interfaces are the only ones that match
the periodicities determined in the AFM images and the atom
correlations revealed by ss-NMR experiments, as we have
suggested. Other possible models, such as edge-on or more
compact ones, do not fit with all of the experimental data. The
large-scale expansion and the compactness of the monolayers

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 AFM images on a HOPG surface after the deposition of (a)
ArV-C8 (250 x 250 nm?), (b) ArV-C12 (200 x 200 nm?) and (c) MV-C18
(170 x 170 nm?). In all cases, supramolecular networks appear as bright
nanolines.
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Fig. 9 (a) Sketch of the 3D stacking arrangement of ArV-C8 in the solid
state from ssNMR measurements. Top layer = black, second layer = dark
grey, third layer = grey, bottom layer = light grey. Blue spheres represent
the possible position of PF¢~ anions in the minor form; (b) red squares
mark the positions involved in the polarization transfer in the major
form and green squares mark the positions involved in the polarization
transfer in the minor form; (c) side view of (a); (d) 2D layer model built
from AFM measurements.

a)
E = o ]
==
c)

Fig. 10 (a) Sketch of the 3D stacking of ArV-C12 based on ssNMR: top
layer = black, second layer = dark grey, third layer = grey, bottom layer =
light grey; (b) schematic model of a monolayer of ArV-C12 based on
ssNMR: red squares mark the positions involved in the strong polariz-
ation transfer and yellow squares mark a weaker transfer; (c) side view of
(a); (d) adsorption model of a monolayer of ArV-C12 on HOPG based on
AFM measurements.

are mainly governed by molecule-molecule and molecule-
surface interactions.>* Concerning the molecule-surface inter-
actions, the adsorption of molecules bearing n-alkyloxy chains
on an HOPG surface leads to the formation of close-packed 2D
parallel-aligned nanolines. This adsorption is driven by the
correspondence between the zigzag alternation of the methyl-
ene groups of the n-alkyloxy chains and the (100) direction of
HOPG.”® The molecule-molecule interactions originate from

Nanoscale, 2024, 16, 13089-13095 | 13093
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Fig. 11 (a) Three possible stacking modes of non-planar viologens and
PF¢™ anions of MV-C18 with large degrees of freedom in the bulk; top
layer = black, second layer = dark grey, third layer = grey, bottom layer =
light grey. Combinations of slipped and flipped are not shown. (b)
Adsorption model of a monolayer of MV-C18 on HOPG based on AFM
image.

the interdigitation of the n-alkyloxy chains of molecules within
two parallel nanolines. As observed in the AFM images, the
periodicity between adjacent bright nanolines is shorter for
Arv-C12 and MV-C18 (4.14 and 4.00 nm, respectively) than for
ArvV-C8 (4.54 nm). The longer n-alkoxy chains of Arv-C12 and
MV-C18 (12 and 18 carbon atoms, respectively) than of ArvV-C8
(only eight carbon atoms) promote molecule-molecule
interactions'”** and account for this difference in periodicity.

Despite the high resolution of the AFM images, we could
not specify the position of the hexafluorophosphate anions in
the monolayers. Interestingly, the positioning of the PFs~
anions suggested by the ssNMR and the close contacts
observed between "H with *C and *'P atoms in the 3D solid-
state can be useful to determine their positioning in the 2D
self-assembled monolayers. The fast response in ssNMR
suggests a high degree of organization in the bulk that cannot
be very different from a stack of organized planar assemblies.
Thus, both the arrangement of organic matter on the surface
and the information provided by the ssNMR strongly support
the positioning of the anions in the pores defined by the violo-
gens on the surface.

In the bulk, the supramolecular organization of ArV-C8 mini-
mizes repulsion between anions and maximizes attraction
between anions and cations. This interplay results in the sliding
of each layer. ssNMR data indicate the existence of two possible
arrangements in the solid state. The first one is a slipped quasi-
planar arrangement (Fig. 9a and c) that minimizes most electro-
static repulsions. Therefore, the anions are located close to two
neighboring protons on opposite sides of the viologen core (red
squares in Fig. 9b). This positioning is the same as that
observed in the major form in ss-NMR (73%). The cohesion in
the bulk does not depend on the presence of the alkyl chains;
hence, some degree of control is missing and defects are
observed in ssSNMR in 27% of a minor form. In this second
form, the anions are probably squeezed out of a pore and
trapped between two slipped layers (blue circles in Fig. 9a, b
and c), which explains the simultaneous polarization transfer
with the 2-position of the pyridinium (green squares in Fig. 9b).

For a monolayer of ArvV-C8 on HOPG, the small size of the
pore is not governed by the inter-digitation of the alkyl chains
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but is mostly controlled by electrostatic interactions and repul-
sion between the viologen units because ArV-C8 bears short
alkyl chains. Therefore, in both 3D and 2D assemblies, the
positioning of the anions results from two parameters, namely
the size of the pore and the electrostatic forces. Because the
species are small and the interactions between the alkyl chains
are weak, electrostatic attraction and repulsion also dictate the
2D supramolecular organisation on HOPG. Therefore, in the
2D monolayer, the hexafluorophosphate anions are located in
the nanopores and interact with the same four protons as in
the major form in the bulk.

When longer alkyl chains are used, as in ArV-C12, hydro-
phobic interactions become dominant both on the surface and
in the bulk. The ssNMR experiments on ArV-C12 clearly show
a single position for the anions in the 3D bulk as only one set
of resonances is observed. Thus, in the solid state, a perfect
balance between electrostatic interactions and alkyl chain
interdigitation controls not only the size of the pores but also
the bulk arrangement of alternating stacked viologen planes
and therefore the positioning of the anions. On the surface,
the model of Arv-C12 shows that the alkyl chains interdigitate
(Fig. 10d). The size of the pore, which is mostly governed by
the inter-digitation of the alkyl chains, allows distancing of
like-charges in the monolayer while promoting coulombic
attractions between anions and cations. Based on the contacts
detected by ssNMR in the bulk, the anions can be precisely
placed in close proximity to the viologen core to form a rather
dense network on the surface with pores between the viologen
cores.

Finally, the case of MV-C18 deserves attention and com-
pletes the previous observations and hypotheses. The main
characteristic of this viologen is that, due to the 3,3' substi-
tution of the bipyridine core, the viologen deviates more from
planarity than ArV-C8 and Arv-C12.'® In the bulk, strong
hydrophobic interactions between the long alkyl chains align
the viologen units. The strong non-planarity of MV-C18 now
defines 3D pores instead of the 2D pores observed for the
flatter ArV-C8 or ArV-C12 species. The multiple yet very similar
chemical shifts in ssSNMR show that all PFs~ anions are
located in a very similar environment, which suggests the pres-
ence of large pores and more freedom for the positioning of
the anions near the organic dications. Three examples of poss-
ible cation-anion arrangements in the bulk are proposed in
Fig. 11a. In the 2D assembly, the anions of MV-C18 are posi-
tioned on both sides of the viologen species in the pore
defined by the alkyl chains and the short bipyridinium unit.
Each pore contains only one PFs~ anion and thus the position
of the latter is only controlled by coulombic attractions
(Fig. 11b).

By combining ssNMR and AFM data, it has been possible to
complete fully the adsorption model of three organic salts. As
the hexafluorophosphate anions are close to the C-H group of
the aromatic moieties of the three organic salts and do not
interact with the n-alkoxy chains, the data suggest that the
anions are located in the nanopores of the assemblies, close to
the central viologen core of each of the three salts (Fig. 9-11

This journal is © The Royal Society of Chemistry 2024
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and S34 in ESIf). In this manner, the hexafluorophosphate
anions are included within the bright nanolines observed in
AFM images and the 2D assembly represents a layer of the
corresponding 3D solid-state arrangement.

In conclusion, the combination of sSNMR spectroscopy and
AFM topography images provides a complete picture of the
supramolecular self-organization of organic salts on an HOPG
surface. This first example of combined 3D and 2D analysis
using solid state NMR and AFM provides insight into the pro-
gramming of self-assembly and organization of charged species
on surfaces. The location of counter-ions is controlled by the
degree of hydrophobic interactions, the size of the pores and the
mobility of the counter-ions on the surface. These complemen-
tary approaches also show that a quick way to evaluate the odds
of observing 2D assemblies is to perform ssNMR experiments
with any available nucleus. The extension of the method to other
cations and anions as well as neutral species is in progress.
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